Purpose: To investigate the retinal features and distribution of paravascular abnormalities (PVAs) and their relationship with retinoschisis in eyes with high myopia. Methods: One hundred and fifty-two eyes of 88 patients with high myopia [refractive error greater than À6 dioptres (D) or axial length (AL) ≥26.5 mm] who had undergone comprehensive ophthalmic examinations were evaluated in this crosssectional study. Multiple optical coherence tomography (OCT) scans were performed to study the microstructural alterations adjacent to the retinal vascular arcades and the entire macular area. The presence and distribution patterns of various PVAs, retinoschisis and the association between these parameters were analysed. Results: Of the 152 highly myopic eyes, PVAs were detected by OCT in 126 eyes (82.9%), including paravascular microfolds in all 126 eyes, paravascular cysts in 109 eyes (71.7%) and paravascular lamellar holes in 44 eyes (28.9%). All three types of PVAs were observed more frequently along the temporal vascular arcades than along the nasal vascular arcades (p < 0.005). Seventy-eight eyes (51.3%) were identified with retinoschisis at retinal vascular arcades, most frequently in the inner plexiform layer (IPL) and along temporal arcades. Eyes with all three types of PVAs (microfolds, cysts and lamellar holes) had the highest incidence of retinoschisis at vascular arcades (p < 0.001). Multivariate analysis indicated that age, the AL, presence of paravascular microfolds and cysts, and simultaneously existence of all three types of PVAs were associated with an increased risk for retinoschisis at vascular arcades. Macular retinoschisis was detected in 25 eyes (19.8%) and presented with splitting of the outer retina in all cases. All seven eyes with entire macular area retinoschisis (S4 grade) were accompanied by retinoschisis at vascular arcades within multiple layers, including outer retinoschisis, IPL schisis and inner limiting membrane (ILM) detachment. Conclusion: Our findings indicated that all three types of PVAs and different types of retinoschisis were most frequently observed along the temporal vascular arcades. Eyes with paravascular microfolds and cysts, and those with all three paravascular lesions may in risk of developing retinoschisis at vascular arcades.
Introduction
High myopia is among the major causes of vision loss, especially in East Asian countries (Jonas et al. 2009; Asakuma et al. 2012; Morgan et al. 2012) . Retinoschisis has primarily been reported in the macular area of highly myopic eyes with posterior staphyloma (Takano & Kishi 1999) , and it is considered a precondition for the development of a macular hole and retinal detachment (Gaucher et al. 2007; Shimada et al. 2013) .
Macular retinoschisis has been considered a result of various factors, including axial elongation, macular chorioretinal atrophy, expansion of staphylomas and vitreoretinal adhesion or traction (Wu et al. 2009; Johnson 2012) . Although the progression of retinoschisis is still unclear, vitrectomy has been widely used to treat macular retinoschisis when a patient's vision markedly declines and the retinal structures become progressively distorted (Yeh et al. 2008; Qi et al. 2015; Lee et al. 2017) . However, recurrences of the retinal complications have been reported in 11.1-30% of such cases (Kwok et al. 2005; Kim et al. 2012; Uchida et al. 2014) .
Recently, various types of paravascular abnormalities (PVAs), including paravascular microfolds, paravascular cysts, and paravascular lamellar holes, have been demonstrated by optical coherence tomography (OCT) in highly myopic eyes (Forte et al. 2008; Shimada et al. 2008; Vela et al. 2016) . Several studies have shown that PVAs may be associated with foveoschisis secondary to high myopia (Shimada et al. 2008; Kamal-Salah et al. 2015) . Less is known about the distribution patterns of different types of PVAs, and the correlation between PVAs and the retinoschisis at vascular arcades.
In the current study, we investigated the incidence and distribution patterns of PVAs. Further, the correlations between PVAs and retinoschisis at different locations were evaluated based on high-definition spectral domain (SD) OCT images.
Patients and Methods
This cross-sectional study was approved by the Ethics Committee and Institutional Review Board of the Affiliated First People's Hospital of Shanghai Jiao Tong University. The clinical procedures conducted in this study followed the tenets of the Declaration of Helsinki.
Eighty-eight patients with high myopia (152 eyes) were recruited from the Department of Ophthalmology, Affiliated First People's Hospital of Shanghai Jiao Tong University between November 2014 and December 2015. The inclusion criteria consisted of a diagnosis of high myopia, defined as myopia greater than À6 dioptres (D) in phakic eyes (unless a history of refractive surgery) or an axial length (AL) ≥26.5 mm. The exclusion criteria were patients under 18 years of age, intraocular pressure (IOP) exceeding 21 mmHg, a history of previous vitreoretinal surgery, dense cataracts or nystagmus resulting in low-quality OCT scans, or other ocular disorders such as glaucoma, age-related macular degeneration or retinal vascular diseases.
All patients received comprehensive ophthalmic examinations, including measurements of best-corrected visual acuity (BCVA) using a Snellen chart, refractive error using an automatic refractometer (AR-310A; Nidek, Aichi, Japan), IOP using a non-contact tonometer (TX-20; Canon, Tokyo, Japan), AL using partial coherence interferometry (IOL-Master; Carl Zeiss Meditec AG, Jena, Germany) and Bscan ultrasound system (Cinescan S; Quantel Medical SA, Clermont-Ferrand cedex 2, France). Dilated-pupil fundus examinations were performed, which included indirect ophthalmoscopy, slit-lamp examination of the posterior fundus using a +90 D noncontact lens, 45°colour fundus photography (Retinal Camera CR-DGi; Canon) and an OCT examination [Cirrus high definition (HD)-OCT model 5000, software version 5.2; Carl Zeiss Meditec, Dublin, CA, USA].
The OCT examinations were performed by a single experienced ophthalmologist who was blinded to the clinical characteristics of the patient and was not involved in the data analysis. Multiple series of HD 5-line raster scans (five 9-mm B-scans, 4096 A-scans per B-scan) were performed across major trunk of the nasal and temporal vascular arcades in all four quadrants. The Macular Cube 200 9 200 scan protocol (200 horizontal B-scans, 200 A-scans per B-scan within a 6 9 6 9 2 mm cube) and the HD 5-line raster scans were used to analyse the macular area. Optical coherence tomography (OCT) identified paravascular microfolds as tenting projections of retinal vessels towards the vitreous cavity (Sayanagi et al. 2005) , paravascular cysts as cystoid hyporeflective spaces around retinal vessels (Ohno-Matsui et al. 2006 ) and paravascular lamellar holes as breaks adjacent to retinal vessels extending from the inner limiting membrane (ILM) level to approximately one-half to two-thirds the thickness of the neural retina (Shimada et al. 2008) . The presence of macular retinoschisis was confirmed and further classified into the following five stages based on location and size (Shimada et al. 2013) : no macular retinoschisis (S0), extrafoveal macular retinoschisis (S1), fovea-only macular retinoschisis (S2), foveal but not the entire macular area macular retinoschisis (S3) and the entire macular area macular retinoschisis (S4). The presence of posterior staphylomas was identified from colour fundus photographs and B-scan ultrasonographic images by visualizing the border of the ectasia and irregular protrusion or conical elongation of the globe (Steidl & Pruett 1997; Chang et al. 2013) . The location and types of the staphylomas were determined based on the classification reported by Ohno-Matsui (OhnoMatsui 2014) .
The OCT images and the fundus photographs were independently assessed by two of the authors (T.L. and X.W.) who were masked to the spherical equivalent (SE), AL and other examination results. Any disagreement about the results was sent to the senior author (F.W.) for adjudication. The presence of posterior staphyloma, retinoschisis, a dome-shaped macula and various PVAs, including paravascular microfolds, paravascular cysts and paravascular lamellar holes, was carefully examined. The identification of epiretinal membrane (ERM) at the macular area was also recorded.
Statistical analyses were performed using IBM SPSS Statistics (version 23; IBM Corp, New York, NY, USA). p < 0.05 was considered statistically significant. The relationships between potential factors and retinoschisis at vascular arcades were evaluated by univariate and multivariate logistic regression analyses. Univariate regression analyses were performed separately for each potential factor; subsequently, variables with a probability value of <0.10 were included in the multivariate analysis using a backward stepwise method.
Results
The study included 152 highly myopic eyes of 88 patients (62 females and 26 males) with a mean age of 50.8 AE 15.1 years (range, 18-75 years). The mean AL was 28.9 AE 2.1 mm (range, 25.02-35.03 mm), and the mean SE of phakic eyes (n = 143) was À11.9 AE 4.0 D (range, À4.25 to À22.75 D). The median BCVA at presentation was 20/32 in Snellen equivalent (0.22 logMAR unit, interquartile range, 0.05-0.52 logMAR unit). Posterior staphyloma was identified in 100 highly myopic eyes (65.8%), wide macular type staphyloma in 65 eyes (42.8%), narrow macular type in 26 eyes (17.1%), peripapillary type in seven eyes (4.6%) and inferior type in two eye (1.3%).
Paravascular abnormalities
Using OCT imaging, PVAs were detected in 126 of the 152 evaluated eyes (82.9%). The clinical characteristics of highly myopic eyes with or without PVAs are summarized in Table 1 . Patients with PVAs were significantly older, more myopic and had longer AL than patients without PVAs (Table 1) . However, the visual acuity showed no difference between eyes with PVAs and those without, after adjusting age and AL (p = 0.783; 95% CI: À0.209-0.277).
Paravascular microfold is the most often observed PVA type and was detected in all 126 eyes; it coexisted with paravascular cysts in 109 eyes (71.7%) and paravascular lamellar holes in 44 eyes (28.9%). Paravascular lamellar holes were always observed to coexist with the other two types of PVAs adjacent to the same retinal blood vessel (Fig. 1) . Table 2 presents the clinical characteristics of the eyes with paravascular microfolds only, paravascular microfolds accompanied by cysts and paravascular microfolds with cysts and lamellar holes. Eyes with both microfolds and cysts or eyes with all three types of PVAs (microfolds, cysts and lamellar holes) had significantly longer AL (p = 0.005 and p = 0.005, respectively; Table 2 ) and higher frequencies of staphyloma (p = 0.016 and p = 0.007, respectively; Table 2 ) and were more myopic than eyes with microfolds only (p = 0.009, p = 0.007, respectively; Table 2 ). The features that were not significantly different among the three groups included patient age, the presence of a dome-shaped macula and the presence of ERM ( Table 2) .
The OCT images across through nasal and temporal vascular arcades demonstrated non-uniform distribution patterns of PVA lesions ( Fig. 2A) . Paravascular microfolds, cysts and lamellar holes were significantly more prevalent along the temporal vascular arcades than those along the nasal vascular arcades (p < 0.001, all three lesions). However, the frequency of PVAs distributed along the superior vascular arcade was not significantly different from that along the inferior vascular arcades (p > 0.5, Fisher's exact test; Fig. 2A , Table S1 ).
Retinoschisis and PVAs
Using OCT, retinoschisis was identified around the retinal vascular arcades in 78 of the 152 highly myopic eyes (51.3%, Fig. 3 ). Columnar structures were observed between the outer plexiform layer (OPL) and outer nuclear layer (ONL; referred to as outer retinoschisis) in 55 eyes (70.5%) and at the inner plexiform layer (termed IPL schisis in this study) in 68 eyes (87.2%), and ILM detachments (also referred to as inner retinoschisis) were demonstrated in 58 eyes (75.4%). Outer retinoschisis and ILM detachment were observed more frequently in the eyes with all three types of PVAs compared to the eyes with both microfolds and cysts, but these two types of lesions were not observed in eyes with microfolds only (Table 3 ). In addition, IPL schisis at vascular arcades were also most common in eyes with all three PVAs compared to the eyes with both microfolds and cysts or in eyes with microfolds only (Table 3) . Splitting of the IPL was always detected in association with paravascular cysts (Fig. 1D-I ). Optical coherence tomography (OCT) imaging also demonstrated that ILM detachment adjacent to the vascular arcades was always accompanied by one or more vascular microfolds, where the tent-like lesions seemed to be the only adherent tissue within the area of ILM detachment (Fig. 3D ).
Univariate and multivariate analyses were performed to study the potential factors related to retinoschisis at the vascular arcades, and the detailed results are summarized in Table 4 . In the univariate analysis, the presence of retinoschisis at the vascular arcades was significantly correlated with age (p < 0.001), AL (p < 0.001), SE (p < 0.001), ERM (p < 0.001), and the presence of posterior staphyloma (p < 0.001), paravascular microfolds only (p = 0.002), paravascular microfolds and cysts (p = 0.047) and all three paravascular lesions (p < 0.001).The multivariate analysis showed that age (p = 0.034), AL (p = 0.042), the presence of both paravascular microfolds and cysts (p < 0.001) and simultaneously presence of all three paravascular lesions (p < 0.001) were associated with an increased risk for retinoschisis at the vascular arcades.
In addition, among all 78 eyes with retinoschisis at the vascular arcades, a similar distribution tendency to PVAs was observed ( Fig. 2B ). Outer retinoschisis, IPL schisis and ILM detachment were significantly more prevalent along the superior or inferior temporal vascular arcades than those along the superior or inferior nasal vascular arcades (Fig. 2B) .
Macular retinoschisis was detected in 25 of the 152 examined eyes (16.4%). The macula area contained schisis cavities between the ONL and OPL in all 25 eyes, which coexisted with IPL schisis in four eyes (16.0%) and ILM detachment in five eyes (20.0%). Table 5 presents the incidence of PVAs and retinoschisis at vascular arcades of eyes with macular retinoschisis at different stages. Eyes with macular retinoschisis had a relatively higher incidence of different types of PVAs and retinoschisis at vascular arcades compared to eyes without macular retinoschisis (Table 5) . However, the incidences of different types of PVAs were not significantly different among eyes with S1-S4 grade macular retinoschisis. All seven eyes with S4 grade retinoschisis were accompanied by retinoschisis in different locations of the vascular arcades, including outer retinoschisis, IPL schisis and ILM detachment (Table 5 ; Fig. 4) .
Discussion
In the current study, we examined 152 highly myopic eyes of 88 patients. Enhanced HD-OCT examinations along the entire extent of the temporal and nasal vascular arcades identified 126 eyes (82.9%) with paravascular microfolds. Previous studies have reported an incidence of paravascular microfolds ranging from 2.9% to 71% in highly myopic eyes without a history of ocular surgery (Sayanagi et al. 2005 (Sayanagi et al. , 2010 Shimada et al. 2008; KamalSalah et al. 2015) . The relatively high incidence of paravascular microfolds in our study may be attributed to the expanded OCT scan area of interest. We evaluated both the macular area and all four quadrants of the vascular arcades compared with previous studies, which focused mainly on the posterior retina or macula alone. The OCT scanning protocol used in this study and the more severe conditions of myopic patients who presented at our department with retinal division may also have contributed to this difference. Paravascular cysts were detected in 109 (71.7%) of the 152 highly myopic eyes; this incidence is relatively higher than previous studies (48.4%, 49.5%) of OCT scans across the entire posterior retina (Shimada et al. 2008 ; In the current study, 86.5% of the eyes with paravascular microfolds had paravascular cysts, whereas all 109 eyes with paravascular cysts had vascular microfolds. However, the two lesions were not always detected to coexist at the same site in the 109 eyes. Paravascular cysts could be found adjacent to or beneath the retinal vessels alone, without tent-like elevation of the inner retina (Fig. 1B,C) . These observations suggested that both paravascular microfolds and cysts may be early alterations to appear at or around retinal vessels. In our study, patients with PVAs were significantly older, more myopic, had longer ALs and higher incidence of posterior staphyloma (Table 1 ). All eyes with PVAs were found to have retinal microfolds; therefore, the above difference may be considered between eyes with microfolds and highly myopic eyes without any PVA. The development of earlystage lesions of PVAs may result from the age-related expansion of the eyeball and the relative stiffness of retinal vessels.
Paravascular holes were identified in 26.3% of the highly myopic eyes. Similar to previous studies (Shimada ‡ Phakic eyes only; n = 16 in eyes with paravascular microfolds only, n = 62 in eyes with paravascular microfolds and cysts, n = 40 in eyes with paravascular microfolds, cysts and holes. § Significant differences in spherical equivalent between eyes with paravascular microfolds only and eyes with microfolds, cysts and holes (p = 0.007) and between eyes with paravascular microfolds only and eyes with both microfolds and cysts (p = 0.009). Fisher's exact probability test. ** Pearson's chi-square test. † † Significant differences in frequency of posterior staphyloma between eyes with paravascular microfolds only and eyes with microfolds, cysts and holes (p = 0.007) and between eyes with paravascular microfolds only and eyes with both microfolds and cysts (p = 0.016). Kamal-Salah et al. 2015) , all paravascular holes were lamellar holes, and no full-thickness holes were found in our study (Fig. 1) . However, a recent study reported a full-thickness hole adjacent to the upper nasal retinal arcade in a highly myopic eye (detailed information not shown) (Vela et al. 2016) . The incidence of paravascular lamellar holes varied among several studies, ranging from 14% to 31.4%, according to different OCT scan protocols (Shimada et al. 2008; KamalSalah et al. 2015; Vela et al. 2016) . The pathogenesis of lamellar holes detected adjacent to retinal vessels remains unknown. Shimada et al. (2008) suggested that paravascular cysts may be a precursor and that lamellar holes developed while the inner wall of the cysts was removed by increased vitreoretinal traction. A more recent study also considered stretching forces from the thickened macula a main cause for the formation of lamellar holes in ERM patients (Liu et al. 2016 ). In our study, all eyes with paravascular lamellar holes had paravascular microfolds and cysts, and the lamellar holes were always observed along with the other two types of PVAs at the same site. We suggest that the paravascular lamellar hole is the advanced lesion adjacent to the vascular vessels; furthermore, the formation of lamellar holes may correlate with the progression of paravascular microfolds and cysts induced by the outward globe expansion and increased inward vitreoretinal traction. This theory is supported by the significantly longer AL and higher frequencies of posterior staphyloma in eyes with all three types of PVAs or eyes having microfolds and cysts, compared to those with microfolds only ( Table 2 ). The frequent observation of lamellar holes (rather than a full-thickness hole) may result from the release of mechanical traction between the vitreous and retinal vessels after the formation of adjacent breaks within the inner retina (Fig. 3) . We also studied the distribution patterns of different PVAs. All three types of PVAs (microfold, cyst and lamellar hole) were observed more frequently along the temporal arcades; however, there was no significant difference between the lesions located along the superior temporal arcades and those along the inferior temporal arcades ( Fig. 2A) . More importantly, we observed a similar distribution pattern of retinoschisis at vascular arcades (Fig. 2B) , with markedly higher frequencies along the temporal arcades in all three subtypes of retinoschisis, including ILM detachment, IPL schisis and outer retinoschisis. The relative consistency in the distribution of PVAs Cysts = paravascular cysts, Holes = paravascular lamellar holes, ILM = inner limiting membrane, IPL = inner plexiform layer, Microfolds = paravascular microfolds,. * The incidence of different locations of retinoschisis at vascular arcades was compared between eyes with microfolds only and eyes with microfolds and cysts; Pearson's chi-square test. † The incidence of different locations of retinoschisis at vascular arcades was compared between eyes with all three types of PVAs and eyes with microfolds and cysts; Pearson's chi-square test.
and retinoschisis at vascular arcades suggested a potential correlation between these uncommon complications in highly myopic eyes. The higher incidences of different types of retinoschisis along the vascular arcades also supported the hypothesis (Table 3) . The more frequent distribution of PVAs along the temporal vascular arcades may be related to axial elongation and the progression of posterior staphylomas. Curtin et al. (Curtin 1977) reported that most staphylomas involve the posterior pole and the vascular arcades. A recent study used three-dimensional magnetic resonance imaging and ultra-widefield fundus images of 200°of the retina to study posterior staphylomas (OhnoMatsui 2014) . The author demonstrated that the upper or temporal border is more abrupt in the dominant type of posterior staphylomas, which may indicate the preference of PVAs along temporal arcades. Vela et al. (2016) recently reported a higher incidence of paravascular lamellar holes along the inferior temporal vascular arcades and suggested that this result may relate to the type of staphyloma with evidence indicating an inferior shift of staphyloma apex (Ikuno & Tano 2009; Ohno-Matsui 2014) . We considered the difference may result from the much higher prevalence of wide macular staphyloma in our study. This type of staphyloma showed a wide protrusion of the posterior segment of the eye, and the margins of ectasia were most likely to beyond the vascular arcades (Curtin 1977; Ohno-Matsui 2014) . Thus, a large portion of the retinal vessels was straightened within the area of ectasia, resulting in the stiffness of both superior and inferior arcades. However, the relationship between posterior staphyloma and the incidence of PVAs needs further study evaluating the type and grade of the staphyloma. Moreover, OCT scans through the nasal retinal arcades were more difficult to perform due to the oblique curve of the highly myopic eyeballs and relatively smaller scanning area; thus, a more detailed study should be carried out in future.
Optical coherence tomography (OCT) imaging identified 51.3% eyes with retinoschisis at vascular arcades among all examined eyes. Shimada et al. (2008) reported a 74% incidence of the lesion in eyes with paravascular lamellar holes and considered the presence of paravascular retinoschisis to be related to paravascular lamellar holes. However, the clinical factors related to this type of lesion have not been widely studied. In our study, retinoschisis at retinal arcades was found to locate in different layers of the retina, most frequently in the IPL. The IPL schisis was always accompanied by cystoid hyporeflective structures adjacent to retinal vessels. Furthermore, the multivariate analysis revealed that age, AL, the presence of both paravascular microfolds and cysts and simultaneously presence of all three paravascular lesions were independent factors associated with retinoschisis at vascular arcades in highly myopic eyes. These findings reinforced the important role of paravascular cysts and lamellar holes in the development of retinoschisis at vascular arcades. In addition to ageing and axial elongation, PVAs such as cystoid structures and lamellar holes may be risk factors for retinoschisis at vascular arcades in highly myopic eyes.
Finally, the presence and characteristics of macular retinoschisis were AL = axial length, CI = confidence intervals, Cysts = paravascular cysts, D = dioptres, Holes = paravascular lamellar holes, IOP = intraocular pressure, Microfolds = paravascular microfolds, OR = odds ratio, SE = spherical equivalent. Fig. 4 ). These findings raised the potential influence of retinoschisis at vascular arcades in the development of macular schisis. The splitting of the tissue within multiple retinal layers may play a role in transmitting stretching force from the vessels as well as globe expansion. Progression of the splitting and extension of the retinoschisis from the peripheral retina to the macular area has been observed among 4% of patients diagnosed with retinoschisis in a recent prospective study (Eibenberger et al. 2017) . Although vitrectomy combined with ILM peeling technique has improved the anatomical and functional recovery of patients with symptomatic foveoschisis (Lee et al. 2017) , follow-up examinations of morphologic features of the PVAs and retinoschisis at vascular arcades may be essential in clinical routine for asymptomatic patients to prevent further visual loss. Moreover, whether surgical interventions like posterior scleral reinforcement are necessary for the purpose to release the tractional forces around retinal vessels needs further longitudinal studies to monitor paravascular alterations and patients' functional changes. The measurement of shape and depth of posterior staphyloma was not evaluated in the present study. Posterior staphyloma has been widely considered to contribute to the progression of various retinal complications in highly myopic eyes; therefore, the more detailed influence of staphyloma should be assessed in future studies. In addition, the relationship between the types or location of staphylomas and the non-uniform distribution of PVAs should be further investigated.
In conclusion, different types of PVAs, including paravascular microfolds, paravascular cysts and paravascular lamellar holes, are commonly found in highly myopic eyes. Our findings indicated that paravascular microfolds and cysts may be earlystage lesions of PVAs. All three types of PVAs were most frequently observed along the temporal vascular arcades. A similar pattern was found in the distribution of retinoschisis at vascular arcades. Retinoschisis at retinal vascular arcades may result from ageing, increased axial elongation, the presence of both paravascular microfolds and cysts and simultaneously presence of all three paravasuclar lesions. Macular retinoschisis was predominantly located within the ONL and OPL, whereas the retinoschisis at vascular arcades was primarily observed at the IPL level. Eyes with S4 grade macular retinoschisis contained severe schisis cavities within multiple retinal layers along the vascular arcades. 
